Correlation between copper weak ferromagnetism ͑WF͒ and crystal structural symmetry of the Gd 2Ϫx M x CuO 4 ͑M ϭBi or Tb; 0рxр0.5͒ systems is reported. Detailed powder x-ray Rietveld refinement analysis on Gd 2Ϫx M x CuO 4 shows a systematic variation of oxygen distortion angle ␣͑Cu-O-Cu͒ with ionic size where the lattice layer mismatch lowers the crystal symmetry to an orthorhombic OЈ-phase with pseudotetragonal lattice parameter a 0 ϳb 0 ϳ5.508 Å. Weak ferromagnetic or canted antiferromagnetic order is the direct result of this oxygen distortion which causes a -transfer Cu(3d x 2 Ϫy 2) -O(2p )-Cu(3d x 2 Ϫy 2) superexchange interaction in the CuO 2 plane with a non-180°coupling angle. The small WF saturation moment m s of ϳ2 -6ϫ10 
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I. INTRODUCTION
For the high-T c cuprate systems, superconductivity always occurs near the metal-insulator transition boundary due to strong electron correlation. In the insulator side, copper magnetic moment ͑Cu 2ϩ ͒ ͑d 9 , sϭ 1 2 ͒ forms a threedimensional ͑3D͒ long-range magnetic ordering through the quasi-2D -transfer Cu(3d x 2 Ϫy 2) -O(2p )-Cu(3d x 2 Ϫy 2) indirect superexchange interaction in the CuO 2 layers. It is observed that Cu spins in most cuprate insulators form an antiparallel antiferromagnetic ͑AF͒ arrangement below Néel temperature T N ͑Cu͒ with zero saturation moment m s ͑Cu 2ϩ ͒. However, a peculiar Cu weak ferromagnetic ͑WF͒ or canted antiferromagnetic ͑CAF͒ order with nonzero m s is observed below T N ͑Cu͒ϳ260-285 K for the tetragonal TЈ-phase Gd 2 CuO 4 , 1-15 and a true AF order is recovered only at a much lower temperature of T sr ͑Cu͒ϳ20 K through spin reorientation. At temperature around 7-8 K, a possible 3D to quasi-2D crossover for Cu AF ordering is reported from neutron study before the Gd 3ϩ sublattice AF ordering of T N ͑Gd͒ϳ6.5-7 K. 15 At even lower temperature, a heat capacity broad shoulder followed with a peak near 2 K is observed, 8 indicating complex magnetic phase diagram at low temperature due to Gd-Cu interaction.
Extensive magnetic and structural studies on Gd 2 CuO 4 ͑Refs. 1-15͒ and related compounds (Gd,M ) 2 6, 8 The inconsistency between weak ferromagnetism and x-ray/neutron-diffraction data indicates that a distorted TЈ structure is necessary to account for the WF/CAF order. Recently, a neutron structural study at room temperature reports a long-range superstructure of the TЈ phase in Gd 2 CuO 4 . The oxygen squares surrounding the Cu sites are found to rotate around the c axis by a small angle ͑ϳ5°͒ which leads to a reduced orthorhombic symmetry ͑space group Acam͒. 12 This structural deformation from TЈ phase to OЈ phase is believed to be crucial for the occurrence of weak ferromagnetism.
In order to study the correlation between Cu weak ferromagnetism and crystal symmetry, we report here a detailed magnetic and powder x-ray Rietveld structural studies on Gd 2 CuO 4 and related systems (Gd,M ) 2 CuO 4 ͑M ϭBi or Tb͒.
II. EXPERIMENTS
The Gd 2Ϫx Bi x CuO 4ϩ␦ (0рxр0.1) and Gd 2Ϫx Tb x CuO 4ϩ␦ (0рxр0.5) samples with nominal composition were synthesized by solid-state reaction using highpurity Gd 2 O 3 ͑99.99%͒, Bi 2 O 3 ͑99.999%͒, Tb 4 O 7 ͑99.9%͒ and CuO ͑99.9%͒ powders. Samples were thoroughly mixed and carefully calcined between 900-950°C in air for 1 day with several intermediate regrindings. The calcined powders were then pressed into pellets and sintered in air at 1000°C for 2 days and air quenched to room temperature. Oxygen content parameter ␦ was determined from the standard iodometric titration method to be Ͻ0.003.
Powder x-ray Rietveld analysis data were obtained with a Rigaku Rotaflex 18-kW rotating anode diffractometer using graphite monochromatized Cu-K ␣ radiation with a scanning step of 0.02°͑10-second counting time per step͒ in the 2 range of 20-100°. A RIQAS refinement program 22 was used with inorganic crystal structure database ͑ICSD͒ and diffraction database ͑ICDD͒. The magnetization and magnetic susceptibility measurements were carried out with a Quantum Design MPMS or a -metal shielded MPMS 2 superconducting quantum interference device ͑SQUID͒ magnetometer down to 2 K in applied magnetic fields from 1 G-5 T.
III. RESULTS AND DISCUSSION
In the R 2 CuO 4 insulating system (RϭPr, Nd, Sm, Eu, Gd), Gd 2 CuO 4 compound with the smallest Gd 3ϩ ionic radius 23 of 0.938 Å is the only member which shows weak ferromagnetism. If the oxygen distortion in the CuO 2 layer is crucial for the formation of this peculiar WF/CAF order, then the cause of oxygen distortion must be closely related with the lattice layer mismatch between smaller ͑Gd-O͒ 2 layers and CuO 2 layer. Since all other R 2 CuO 4 compounds with larger rare earth R 3ϩ ions show no sign of WF order, a doping in the Gd sites with larger non-rare-earth Bi 3ϩ ions ͑0.96 Å͒ should also reduce the degree of oxygen distortion in the CuO 2 layer.
In order to study the correlation between weak ferromagnetsim and oxygen distortion, powder x-ray Rietveld structural refinement analysis was performed on the Bi 3ϩ -doped compounds Gd 2Ϫx Bi x CuO 4ϩ␦ ͑xϭ0, 0.05, and 0.07͒ at room temperature. Very small oxygen content parameter ␦ of Ͻ0.003 determined from iodometric titration can be neglected. Based on the previous reported orthorhombic space group Acam ͑Cmca͒ from neutron study with fully occupied atomic positions, 12 the scale factor, lattice parameters, atom coordinates, and isotropic temperature factors were refined. For the undoped Gd 2 CuO 4 sample, the final step-pattern R factor R p of 6.99% and weighted-pattern R wp of 7.07% were obtained with goodness-of-fit parameter s of 2.82 for 4001 steps. The Bragg reflection R factor R B was 7.00% for 209 reflections. The structural parameters for the orthorhombic OЈ-phase Gd 2 CuO 4 are listed in Table I and Table II , with larger R p ϭ8.13%, R wp ϭ7.09%, and R B ϭ7.60%͒, indicates that oxygens in the CuO 2 plane are not likely to be located in this undistorted positions at room temperature. On the other hand, using the slightly distorted O͑1͒͑0.272,0.224,0͒ sites of the orthorhombic space group Acam, B iso reduces dramatically to 0.77 Å 2 , shows that even with pseudotetragonal structure, an oxygen distortion from the ideal tetragonal sites is necessary to obtain better structural refinement. This formation of high-temperature OЈ phase is believed to be crucial for the occurrence of copper weak ferromagnetism. Similar results were obtained for the Bi-doped compounds. Figure 2 shows the schematic representation of orthorhombic OЈ phase of (Gd,M ) 2 CuO 4 cuprates (M ϭBi, Tb). The OЈ phase is very similar to the body-centered-tetragonal TЈ phase except for slight oxygen distortion in the CuO 2 plane with no apical oxygen. The oxygen distortion is believed to be caused by the lattice layer mismatch between the smaller ͓(Gd,M )-O͔ 2 layers and CuO 2 plane.
The proposed correlation between weak ferromagnetic/ canted antiferromagnetic ͑WF/CAF͒ order and structural symmetry in the CuO 2 plane for temperature range T sr ͑Cu͒ ϽTрT N ͑Cu͒Ͻ300 K is shown in Fig. 3 If the WF saturation moment m s is closely related to the Cu-O͑1͒-Cu bonding angle ␣, a systematic variation of WF order can then be deduced for the Bi-doped system through the Rietveld refinement studies. The temperature dependence of low-field magnetization with estimated magnetic moment canting angle for the Bi-doped Gd 2Ϫx Bi x CuO 4 ͑xϭ0, 0.05, 0.07, and 0.1͒ ͑Ref. 14͒ polycrystalline bulk samples with solubility limit of xр0.1 is shown in Fig. 4 Since the weak internal field is only in the order of 10 2 -10 3 G, 3 the paramagnetic Gd 3ϩ moment contribution increases its domination such that the magnetic susceptibility, in higher field can be approximately fitted with in a Curie-Weiss form of m ϭC/(Tϩ p ). For B a ϭ5 T, the Curie constant of 15.9 cm 3 K/mol gives an effective Gd 3ϩ moment eff of 7.99 B , which is close to the free ion eff ͑Gd 3ϩ ͒ of 7.94 B if the small Cu 2ϩ ordered moment is neglected. The negative Curie-Weiss intercept p of 17.8 K is larger than T N ͑Gd͒/T sr ͑Cu͒ of ϳ6.6 K. The temperature dependence of the internal exchange field B int (T) for TϾT sr ͑Cu͒ can then be estimated using the formula
where magnetization M (T,B a ) is measured in an applied field B a ϳ1 -2 kGϾB int and the Curie-Weiss susceptibility m ϭC/(Tϩ p ) from higher field ͑ϳ1-5 T͒ fitting is used. The estimated WF internal field B int for the Gd 2Ϫx Bi x CuO 4 system ͑xϭ0, 0.05, 0.07͒ with estimated magnetic moment canting angle is shown in Fig. 6 . The internal field is temperature dependent where maximum B int observed decreases from around 720 G for xϭ0, to 500 G for xϭ0.05 and 150 G for xϭ0.07. For TϳT sr ͑Cu͒ϳ10 K at B a of 1-2 kG, B int decreases sharply to zero due to the disappearance of copper saturation moment in the true AF state. Residual B int observed above T N ͑Cu͒ may be due to the simplified formula used or from the intrinsic 2D short-range quantum spin fluctuation. 7 The small internal field of 720 G observed for Gd 2 CuO 4 is consistent with this small saturation moment m s . Since the structural-related canting angle (T) is temperature dependent, the saturation moment m s (T) in each WF domain wall and the internal exchange field B int (T) will also be temperature dependent. For temperature below T sr ͑Cu͒, a WF/CAF to AF magnetic transition should be accompanied with an orthorhombic to tetragonal ͑or hightemperature HTOЈ phase to low-temperature LTTЈ phase͒ structural transition with ϭ0 in the true AF state. A detailed low-temperature magnetic and structural study is necessary to confirm this speculation. 24 and the maximum internal field B int (max) from 720-150 G.
Since Gd 2 CuO 4 is the smallest stable compound in the R 2 CuO 4 system under ambient pressure sample preparation condition, based on the similar ionic size consideration, a doping in the Gd sites with smaller rare-earth R 3ϩ ions should increase the oxygen distortion in the CuO 2 layer. The temperature dependence of magnetization for smaller Tb 3ϩ -doped system Gd 2Ϫx Tb x CuO 4 ͑xϭ0, 0.1, and 0.5͒ is shown in Fig. 7 . A monotonical increase of magnetized magnetic moment per formula unit m(T) as well as canting angle with progressive smaller Tb 3ϩ ion ͑0.923 Å͒ doping confirms our speculation on the correlation between weak ferromagnetism and oxygen distortion. A low field of 1 G is again used to minimize the Gd 3ϩ /Tb 3ϩ contribution. Large WF contribution of magnetized moment of 1 -7 ϫ10 Ϫ3 B /Cu 2ϩ is observed below T N ͑Cu͒ 282 K for xϭ0 and 276 K for xϭ0.1 and 0.5. Spin-reorientation temperature T sr ͑Cu͒ remains around 22 K for all compounds. The rare earth R͑Gd/Tb͒ sublattice orders antiferromagnetically at T N (R) of 6.2 K for xϭ0.1 and 0.5.
In conclusion, detailed Rietveld refinement gives a direct correlation between the oxygen distortion angle ␣͑Cu-O-Cu͒ and the ionic size in the (Gd,M ) 2 CuO 4 cuprates. For smaller (Gd,M ) ions, tetragonal TЈ phase is no longer stable at room temperature and lattice layer mismatch lowers the symmetry to an orthorhombic OЈ phase. Weak ferromagnetic or canted antiferromagnetic ͑WF/CAF͒ ordering below T N ͑Cu͒ is the direct result of this oxygen distortion angle that causes a non-180°Cu-O-Cu coupling. True antiferromagnetic ordering was restored only at temperature below T sr ͑Cu͒. 
